Introduction: Male breast cancer accounts for 0.5-1% of all breast cancers and is generally diagnosed at higher stage than female breast cancers and therefore might benefit from earlier detection and targeted therapy. Except for HER2 and EGFR, little is known about expression of growth factor receptors in male breast cancer. We therefore investigated expression profiles of growth factor receptors and membrane-bound tumor markers in male breast cancer and gynecomastia, in comparison with female breast cancer.
Introduction
Breast cancer in males is a rare disease, accounting for 0.5-1% of all breast cancer cases [1, 2] . Male breast cancer patients generally present at higher age than female breast cancer patients and at a higher stage including more frequently lymph node metastases [1, 3, 4] . Furthermore, molecular subtypes of male breast cancer are differently distributed than female breast cancer, the most predominant subtype in male being Luminal A followed by Luminal B. HER2-driven subtypes have not been observed [5] [6] [7] . Conflicting data exist whether triple negative/ basal-like breast cancers occur in male breast cancer, but at least it is infrequent [6] [7] [8] .
With regard to potential druggable targets, knowledge on the expression of individual tumor markers is limited and variable. Estrogen Receptor a (ERa) and progesterone receptor (PR) expression in male breast cancer is present in around 90% of patients [4] , which makes them eligible for adjuvant therapy using tamoxifen and aromatase inhibitors. HER2 expression in male ranges between 0-45% of cases in different studies [5] [6] [7] [9] [10] [11] , but current consensus in recent studies shows that HER2 expression in male breast cancer is seen in no more than 3-7% of cases. The epidermal growth factor receptor (EGFR) is the only other growth factor receptor for which expression data is available in male breast cancer, suggesting that EGFR is expressed in 12-76% of cases [6, 7, 9, 11, 12] . Nowadays, antibody-based molecular therapies have been developed for e.g. HER2 [13, 14] and EGFR [15, 16] and molecular therapies for other growth factor receptors are still investigational. In addition to being therapeutic targets, growth factor receptors might be useful for molecular imaging [17] [18] [19] . Molecular imaging using optical near-infrared fluorescent probes has advantages compared to mammography alone, because probes can be conjugated to antibodies, antibody fragments or peptides which increases the specificity of the signal [20] . Further, near-infrared fluorescently labeled antibodies can be used for image-guided surgery, thereby enhancing radical resection of breast cancer and lymph node metastases [21] [22] [23] . We recently described that in addition to growth factor receptors, hypoxia upregulated proteins (carbonic anhydase IX (CAIX) and XII (CAXII), and GLUT1) and CD44 variants might be useful for molecular imaging of female breast cancer [24] . Because fluorescently labeled antibodies and antibody-fragments are not easily internalized, ERa and PR are not considered for optical imaging strategies. Selection of potential antibody-based agents for detection and therapy of male breast cancer is labor intensive and costly. Furthermore, the expression of membrane markers in male breast cancer is unknown.
Since male breast cancer patients have more frequently lymph node metastases, molecular imaging may be of benefit for males to assess stage of disease and monitor disease progression or response to therapy. In the present study, we therefore investigated by immunohistochemistry the expression of growth factor receptors and membrane markers in male breast cancer and compared the results with those we observed in female breast cancer and gynecomastia, in order to find a panel of potential markers for therapy and molecular imaging of male breast cancer.
Materials and Methods

Patients
The origin and composition of the male breast cancer study population was described before [7] . Female breast cancer cases from 2003-2007 were derived from the archive of the Department of Pathology University Medical Center Utrecht, Utrecht, The Netherlands as described before [25] . The study population comprised 133 cases of male and 266 cases of female invasive breast cancer. For all cases haematoxylin and eosin (HE) slides were reviewed by two experienced observers (PJvD, RK) to confirm the diagnosis and to characterize the tumor. Histological grade was assessed according to the modified Bloom and Richardson score [26] , and mitotic activity index (MAI) was assessed as described before [27] . Clinicopathological characteristics of all male and female breast cancer cases are shown in Table 1 .
In addition, 32 gynecomastia cases from 2000-2010 were retrieved from the archives of the Department of Pathology of the University Medical Center Utrecht. Original HE slides were reviewed by two observers (PJvD, RK) to confirm the diagnosis, and to subtype gynecomastia (florid, intermediate, fibrous) as described before [28] . Tissue microarrays were constructed as described by Kornegoor et al. [7, 28] . Since we are using archival pathology material which does not interfere with patient care and does not involve physical involvement of the patient, no ethical approval is required according to Dutch legislation [29] . Use of anonymous or coded left over material for scientific purposes is part of the standard treatment contract with patients and therefore informed consent procedure was not required according to our institutional medical ethical review board, this has also been described by van Diest [30] .
Immunohistochemistry
Immunohistochemistry was carried out on 4 mm thick sections for a panel of growth factor receptors. After deparaffination and rehydration, endogenous peroxidase activity was blocked for 15 min in a buffer solution pH5.8 containing 0.3% hydrogen peroxide. After antigen retrieval, i.e. boiling for 20 min in 10 mM citrate pH6.0 (for progesterone receptor (PR), Hepatocyte growth factor receptor (MET), Fibroblast growth factor receptor 2 (FGFR2), CD44v6, CAXII, carbonic anhydrase 9 (CAIX), and GLUT1), or Tris/EDTA pH9.0 (estrogen receptor a (ERa), HER2, and Insulin-like Growth Factor-1 receptor (IGF1-R)) or Prot K (0.15 mg/ml) for 5 min at room temperature (EGFR), a cooling off period of 30 min preceded the primary antibody incubation. ERa (clone ID5, DAKO, Glostrup Denmark) 1:200; PR (clone PgR636, DAKO) 1:100; HER2 (SP3, Neomarkers, Duiven, The Netherlands) 1:100; IGF1-R (NB110-87052, Novus Biologicals, Cambridge, UK) 1:400; FGFR2 (M01, clone 1G3, Abnova, Heidelberg, Germany) 1:800; CD44v6 (clone VFF18, BMS125, Bender MedSystems, Austria) 1:500; GLUT1 (A3536, DAKO) 1:200; CAXII (HPA008773, Sigma Aldrich, Zwijndrecht, The Netherlands) 1:200; CAIX (ab15086, Abcam, Cambridge, UK) 1:1,000 were incubated for 1 h at room temperature. Primary antibodies against EGFR (clone 31G7, Zymed, Invitrogen) 1:30; MET (18-2257, Zymed, Invitrogen) 1:100 were incubated overnight at 4uC. All primary antibodies were diluted in PBS containing 1% BSA. The signal was amplified using Brightvision poly-HRP antimouse, rabbit, rat (DPVO-HRP, Immunologic, Duiven, The Netherlands) or the Novolink kit (Leica, Rijswijk, The Netherlands) (in the case of EGFR) and developed with diaminobenzidine, followed by counterstaining with haematoxylin, dehydration in alcohol and mounting.
Scoring of Immunohistochemistry
All stainings were compared to normal breast tissue (obtained from female patients that underwent mammoplasty) and scored as positive when a clear membrane staining (2+ or 3+) was observed, except for HER2 where only a score of 3+ was considered positive. All scoring was done by JFV, RK and PJvD who were blinded to patient characteristics and results of other stainings. Expression data for the female breast cancers and for the hypoxia proteins in male breast cancer were derived from our previous studies [24, 31] .
Statistics
Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, IL, USA). Associations between categorical variables were examined using the Pearson's Chisquare test and associations between continuous variables using Student's T-test. Logistic regression was used to correct for differences in ERa expression, tumor size (#2 cm vs. .2 cm), age (,60 years vs. $60 years), and histological type (ductal vs. lobular/other histological type) between male and female breast cancers. P-values ,0.05 were considered to be statistically significant.
Results
In our study population of 133 cases of male breast cancer, we found 4 cases (3.0%) expressing HER2, 15 cases (11.4%) EGFR, 6 cases (4.5%) MET, 16 cases (12.1%) FGFR2, and 50 cases (38.5%) IGF1-R (Table 2 ). Representative cases of male breast cancer are shown in Figure 1 . CD44v6, CAIX, CAXII, and GLUT1 were expressed in 44 cases (33.3%), 9 cases (6.8%), 36 cases (27.1%), and 41 cases (31.3%) of male breast cancers, respectively.
Membrane Protein Expression in Male Breast Cancer Compared to Female Breast Cancer
Compared to female breast cancer, IGF1-R was more frequently expressed in male breast cancer (p,0.001), while MET and FGFR2 were less frequently expressed (both p,0.001; Table 2 ) in male breast cancer. Expression of EGFR and HER2 was not significantly different between male and female breast cancer. Moreover, expression of any growth factor receptor was present in 64 cases (48.1%) of male breast cancer and in 147 cases (55.3%) of female breast cancer (p = 0.178). Further, expression rate of CD44v6 was significantly lower (p,0.001) and of CAXII significantly higher (p = 0.001) in male compared to female breast cancer. However, expression rates of the hypoxia markers CAIX and GLUT1 were not significantly different between male and Table 2) .
We found that co-expression of growth factor receptors was equally frequent in male (18.0%) and female (20.7%) breast cancer (p = 0.178). As shown in Table 3 , co-expression of IGF1-R with other growth factor receptors was comparable between male (15.7%) and female breast cancer (13.6%) (p = 0.187). Furthermore, co-expression of EGFR with HER2 was similar in male (2.3%) and female (3.0%) breast cancer (p = 0.665), while coexpression rates for MET with EGFR and MET with FGFR2 were higher in female than in male breast cancer (4.5% vs. 0.0%, p = 0.013) and (5.6% vs. 0.8%, p = 0.019), respectively. Simultaneous expression of more than 3 growth factor receptors was found in 2.3% of male and 4.1% of female breast cancer cases (p = 0.336).
Clinicopathological Correlations of Membrane Marker Expression
Like in female breast cancer, expression of HER2 in male breast cancer correlated with high histological grade (p = 0.023) and tumor-size (p,0.001). In contrast to female breast cancer, expression of EGFR, GLUT1, and CAIX in male breast cancer did not correlate with any clinicopathological feature. Expression of IGF1-R, MET, FGFR2, and CD44v6 was not correlated to clinicopathological features in both male and female breast cancer. Nevertheless, expression of HER2, MET, EGFR, GLUT1, and CAIX was, as expected, significantly associated with loss of ERa and PR expression in female breast cancer (p,0.001, p = 0.027, p,0.001, p,0.001, p,0.001 respectively), whereas FGFR2 and CAXII were associated with ERa and PR expression (p = 0.003 and p = 0.016; Table 4 ). In male breast cancer, only expression of EGFR was significantly associated with loss of ERa and PR expression, probably due to a limited number of ERa and PR negative male breast cancer cases.
Towards a Panel of Potential Membrane Markers for Molecular Imaging
From the previous results it became clear that all growth factor receptors are too infrequently expressed in male breast cancer to serve as individual targets for molecular imaging strategies, meaning that a panel of growth factor receptors supplemented Table 3 . Co-expression of growth factor receptors in male and female breast cancer. with membrane-bound tumor markers is required to obtain a sufficient detection rate like in female breast cancer [24] . Our previously proposed panel consisting of CD44v6, EGFR, HER2, IGF1-R, and GLUT1 for imaging of female breast cancer was significantly less sensitive for imaging of male breast cancer (female breast cancer 79.3% vs. male breast cancer 69.1%, p = 0.025; Figure 2A ). Inclusion of FGFR2 increased the difference in detection rate between male and female breast cancer (detection rate of female breast cancer 85.0% vs. male breast cancer 72.9%, p = 0.004). However, inclusion of CAXII resulted in the optimal detection rate possible for male breast cancer (76.7%, Figure 2B ). Because the panel of membrane markers mainly consists of growth factor receptors and hypoxia markers, we investigated whether high grade male breast cancers are more frequently detected than low grade cancers. The sensitivity of a combination of growth factor receptors, supplemented with hypoxia markers, and CD44v6 was independent of histological grade, tumor size, lymph node status, or age ( Figure 2C ).
Specificity of a Panel of Potential Membrane Markers in Male Breast Cancer
Since male breast cancer is often diagnosed together with gynecomastia, although gynecomastia is not an obligate precursor of male breast cancer [28] , we examined whether the expression of the selected membrane markers was specific for male breast cancer. We found that expression patterns in gynecomastia were largely comparable with normal female breast tissue; i.e. no expression of HER2, EGFR, MET, GLUT1 and CAIX detectable. However, we observed FGFR2 expression in 3 cases (9.4%), IGF1-R expression in 1 case (3.1%), and a clear membranous staining of CAXII in 2 cases (6.3%). Gynecomastia was positive for CD44v6 (predominant staining of the myoepithelium) in all cases like normal female breast epithelium, which is probably not influencing the sensitivity of detection as we previously stated [24] . No difference in expression between the subtypes of gynecomastia was observed.
In summary, the expression of growth factor receptors in male and female breast cancer differs. However for molecular imaging strategies, the most optimal panel of potential membrane proteins for imaging of male breast cancer was similar to female breast cancer. Therefore a panel composed of IGF-1R, CD44v6, GLUT1, CAXII, FGFR2, and EGFR might be suitable for molecular imaging of male breast cancer.
Discussion
The aim of this study was to identify the expression patterns of growth factor receptors in male breast cancer, and to determine whether growth factor receptors are suitable candidates for imaging strategies in male breast cancer patients. In addition, these markers could be potential candidates for targeted therapy in the near future next to hormonal therapy using tamoxifen and aromatase inhibitors. In order to determine the expression patterns we stained tissue microarrays containing 133 clinical specimens of male breast cancer by immunohistochemistry and compared it with 266 clinical specimens of female breast cancers and 32 cases of gynecomastia.
We found that expression of IGF1-R was present in 38.5%, FGFR2 in 12.1%, EGFR in 11.4%, HER2 in 3.0%, and MET in 4.5% of male breast cancers. Compared to female breast cancer, IGF1-R expression was higher and MET and FGFR2 expression lower in male breast cancer. In total, half of male breast cancers expressed one of the selected receptors. Furthermore, we found that 18.0% of male breast cancer patients expressed more than one growth factor receptor. The most predominant combination was IGF1-R with EGFR or FGFR2 expression.
The expression rates of HER2 and EGFR in male breast cancer were comparable with recent findings [5] [6] [7] 10] , but other data for IGF1-R and MET in the male breast cancer literature are unavailable. Since MET expression is more prevalent in nonluminal female breast cancer, it seemed likely that MET expression in male breast cancer would be low (4.5%), because only 6% of male breast cancers was non-luminal type. IGF1-R expression was found in almost 40% of male breast cancers, suggesting that IGF1-R might be the driving growth factor receptor in male breast cancer. As described by the study of Peyrat et al [32] and Stoll [33] , IGF1-R expression is related to ERa positivity, since almost all male breast cancers are ERa positive, high IGF1-R expression was expected. Further, FGFR2 expression in female breast cancer was highly correlated with ERa, PR expression and low grade [34] , and with cancers in patients with a BRCA2 mutation [35] . Given that BRCA2 mutations are more frequent in male breast cancer [36, 37] , FGFR2 levels were expected to be higher in male than in female breast cancer. However, in our study population FGFR2 expression in male breast cancer was two-fold lower than in female breast cancer.
When only growth factor receptors are used for molecular imaging, the sensitivity would be low (48.1%), however the specificity (as compared to gynecomastia) would be high. Due to low sensitivity, expression patterns of hypoxia markers and CD44v6 were studied in male breast cancer. We found that the ERa and hypoxia associated marker CAXII was more frequently expressed in male compared to female breast cancer. This could not be explained by ERa expression or a different regulation of the hypoxia response, because expression of CAIX and GLUT1 was not significantly different in male and female breast cancer [38, 39] . Therefore, gender specific differences e.g. hormonal balances probably play a role. Finally, we found that the expression of CD44v6 was significantly lower in male breast cancer than in female breast cancer, although no differential expression was seen between normal female breast tissue and gynecomastia, as judged by extensive staining of the myoepithelial cells. The underlying mechanism and clinical consequences of low CD44v6 in male breast cancer remains to be elucidated.
In conclusion, we found that expression of individual growth factor receptors (IGF1-R, FGFR2, and MET) and CD44v6, CAXII in male breast cancer is different compared to female breast cancer. However, when used as a panel of markers for molecular imaging strategies, the potential detection rate is similar for male and female breast cancer. This implies that membrane targets for molecular imaging of female breast cancer can also be used for detecting male breast cancer. The feasibility of molecular imaging (and therapy) of male breast cancer requires further study, but the present study thereby serves as a starting point for development of a set of antibody-based therapeutics and molecular tracers for male breast cancer. Figure 2 . Potential detection rate of a panel of membrane markers for molecular imaging. Detection rate was calculated by the fraction of positive cases over the total population, taking into account that cancers can express multiple markers. A. Detection rate of the previously described panel in male and female breast cancer. B. The optimal combination of markers to detect male breast cancer. C. The detection rate of the panel in relation to clinicopathological features of male breast cancer. doi:10.1371/journal.pone.0053353.g002
